Abstract. In this study, the impact of climate change scenarios on the hydrological regimes of five different regions in Germany is investigated. These regions (Northwest Germany, Northeast Germany and East German basins, upper and lower Rhine, pre-Alps) differ with respect to present climate and projected climate change. The physically based SVAT-model SIMULAT is applied to theoretical soil columns based on combinations of land use, soil texture and groundwater depth to quantify climate change effects on the hydrological regime. Observed climate, measured at climate stations of the German Weather Service (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007), is used for comparison with climate projections (2071-2100) generated by the regional scale climate model WETTREG.
Introduction
Studies on global and regional climate change of the past century have revealed that during the last 50 years the global and regional climate has changed faster than before in history (IPCC, 2007; Schönwiese, 1999) . Climate change mostly is attributed to a change in temperature firstly, but in addition to changes in temperature these studies in particular report on changes in precipitation. At the same time, changes in the runoff regimes of German river catchments have already been identified for the last decades which mainly can be attributed to climate change impacts (Bormann, 2009; Belz et al., 2007; Wechsung et al., 2006) .
From global and regional climate simulations summarised in the actual climate changes assessment report (IPCC, 2007) as well as in national reports (e.g. UBA, 2007) it can be expected that climate change will affect the hydrological cycle in many regions of the world. The hydrological changes, mainly driven by changes in precipitation amounts and patterns and temperature, will affect surface as well as groundwater and other components of the hydrological cycle such as soil moisture and evapotranspiration. Based on the coherences deduced by the IPCC it can be assumed that the average hydrological behaviour of catchments and regions may change as well as the reaction to extreme events.
In comparison to good data availability on surface water data which can be analysed towards climate induced trends, long-term data on groundwater, soil moisture status and evapotranspiration are not available. Therefore, hydrological
Published by Copernicus Publications on behalf of the European Geosciences Union. 4 H. Bormann: Analysis of possible impacts of climate change in Germany simulation models are often used to translate climate change projections into hydrological projections. For good reasons several authors questioned the ability of models to represent the effects of a changing environment on the hydrological cycle (e.g. Wagener, 2007) . Jiang et al. (2007) showed that the model specific sensitivity to climate change may differ significantly between different hydrological catchment models. But the question arises which alternatives to such model application exist to quantify climate changes impacts on the hydrological cycle. Process based models might be the solution required: models, which are validated for different climates and which have been proven to be able to represent the hydrological processes without any parameter calibration.
In the last years, many hydrological impact studies have been presented which were based on regionalised climate scenarios driving hydrological models (e.g. Fowler et al., 2007; Kilsby et al., 2007; Thodsen, 2007; Wilby et al., 2006) . Most of those studies aimed at the representation of the climate change impact on river discharge. Regional studies focusing on seasonal changes in the whole hydrological regime, including soil moisture status, groundwater recharge and evapotranspiration, nevertheless remained scarce.
In this study, the physically based soil-vegetationatmosphere-transfer (SVAT) model SIMULAT is applied to quantify the effect of climate on regional hydrological regimes. Based on freely available observed climate data (German Weather Service) and climate scenarios of the regional climate model WETTREG, the change in regional hydrological regimes is assessed for five different regions in Germany. Results of daily water balance simulations are aggregated to monthly values in order to represent regionally different and typical seasonal variations (= hydrological regimes) in the investigated components of the water cycle. Possible future changes in those typical hydrological regimes are discussed in this paper.
Material and methods

Hydrological simulation model
The SIMULAT model (Diekkrüger and Arning, 1995; Bormann, 2001 ) is used in this study to calculate water flows and water balances for typical catchment properties of the five investigated regions. SIMULAT is a physically based and one dimensional SVAT scheme and is based on the following process descriptions:
-Potential evapotranspiration is calculated by the Penman-Monteith method. In order to compute the actual evapotranspiration, potential evapotranspiration is reduced by a function taking the actual soil moisture status (Feddes et al., 1978) and the number of days after the last rainfall (Ritchie, 1972) into account.
-Infiltration is determined using a semi-analytical solution of the Richards' equation according to Smith and Parlange (1978) .
-Soil water flow is calculated by a numerical solution of the Richards' equation using finite differences.
-The calculation of the snow melt is based on the degree day method, while snow accumulation is assumed for temperatures below 0 • C.
-Interflow is computed by Darcy's law in case of saturated computational soil layers. Lateral outflow from this computational unit is then determined by lateral hydraulic conductivity and inclination.
SIMULAT has been validated by several studies at different spatial scales from plot-scale to meso-scale (Diekkrüger and Arning, 1995; Kuhn, 1998; Bormann et al., 1999; Aden and Diekkrüger, 2000; Stephan, 2003; Bormann et al., 2005; Giertz et al., 2006) and for different climatic regions (Western and Central Europe, West Africa). Within all these studies, a parameter calibration was not performed except for a linear storage based groundwater reservoir used for regional scale model applications. All other parameters (soil and plant parameters in particular) were derived from local scale measurements and from literature (e.g., Richter et al., 1996) . For small scale applications, the simulation quality without any parameter calibration was comparable to the quality of other calibrated site models .
Typical regional properties
In order to reduce demand on input data and calculation time, instead of catchment data sets on soil and land use a combination of theoretical soil columns and standard land use parameter sets is used. Theoretical soil columns are introduced to describe the water retention curve and the unsaturated conductivity curve of all texture classes according to the German texture classification (Ad-hoc AG Boden, 2005) . The pedotransfer function according to Rawls and Brakensiek (1985) is applied to the centre of gravity of each soil texture class. According to the German soil texture classification the soil texture triangle is divided into 31 texture classes: seven clay classes, ten loam classes, seven silt classes and seven sand classes.
For each texture class, simulations are performed considering three different land uses (mixed forest, grassland, and agriculture), two different groundwater depths (no groundwater interaction versus shallow groundwater table) and the regional climates, represented by observed data and scenarios of three climate stations for each of the five investigated regions: Northwest Germany, Northeast Germany and East German basins, upper Rhine, lower Rhine and pre-alpine region. Defining the groundwater interaction, two different lower boundary conditions are selected consisting of "free drainage" (= no interaction with groundwater) and a fixed groundwater table of 3 m (= shallow groundwater).
Climate data and climate scenarios
In order to be able to assess the impact of climate change on the hydrological regime, SIMULAT is driven by different climate data sets. Current climate is represented by observed climate data from the German Weather Service (DWD). Freely available data from DWD website (www.dwd.de) cover a time period of 1991-2008. A correction of observed as well as simulated precipitation data (see below) was not performed.
The regional climate projections for the period 2071-2100, which are used in this study, are based on the results of the WETTREG model (UBA, 2007) . WETTREG is a statistical downscaling model which is based on global climate scenarios calculated by the ECHAM5 model from MPI Hamburg. WETTREG analyses the frequency of regional weather conditions based on the simulations results of the global climate model. Using this time series of regional weather conditions, meteorological time series of selected climate stations are generated considering the change in the probability of the predefined weather conditions. WETTREG generates time series of climate and precipitation stations for ten year periods up to year 2100 for three different IPCC scenarios: A1B, A2, B1. In this study, the scenarios A1B and B1 were used as model input.
The climatic changes projected by the WETTREG models were summarised to eleven regions exhibiting relatively homogenous regional changes in climate (UBA, 2007) . From these regions, five regions were selected in this study: Northwest Germany, Northeast Germany and East German basins (together called "East Germany" in this paper), the upper Rhine region and the West-German lowlands (called "lower Rhine" region in this paper). The average regional climate change within these regions, projected for the time period from 2071 to 2100 is shown in Table 1 . All regions are characterised by an increase in mean annual temperature and in winter precipitation. Summer precipitation is expected to decrease in all investigated regions. However, the percentages of projected change differ remarkably between the regions. Therefore, regionally different impacts of climate change on the hydrological regime are likely. Bronstert et al. (2006) compared the suitability of different regional climate models for hydrological investigations for Southern Germany. One main result was that all downscaling methods yielded in results which represented the real conditions better then the direct output of global climate models. Statistical climate models such as WETTREG were able to represent regionally different mean conditions as well as the seasonal variability. For the calculation of groundwater recharge, all investigated models merely showed a moderate performance while WETTREG still was the best of the investigated models. Following Bronstert et al. (2006) WET-TREG can be assumed to be suitable for the purpose of this study.
3 Results: changes in the hydrological regimes
Changes in regional runoff regimes
This investigation on runoff regimes is based on the simulation results of the physical based SVAT model SIMU-LAT. SIMULAT calculates three different runoff components (surface runoff, interflow, groundwater recharge) which are summed up for each time step to the "total runoff". In this study a daily time step is used. Daily time series of climate projections required for simulation are derived from the 20 available WETTREG realisations by determining seasonal climate change signals and superimposing these signals to the observed time series of climate. An analysis on the variability of different WETTREG realisations is not performed. For the analysis of the runoff regime, a further aggregation of daily simulations to mean monthly values of total runoff is performed.
Comparing the regional runoff regimes, based on measured present climate and on the WETTREG scenarios A1B and B1 for the time period 2071-2100, the simulated results are consistent with the driving regional climates. In general, a decrease in precipitation during summer time induces a decrease in runoff, and an increasing precipitation in winter leads to an increase in runoff as well (Fig. 1) . One exception is East Germany where total runoff is reduced for both climate scenarios during summer and winter. The increase in evapotranspiration in winter time due to an increase in temperature overcompensates the winterly increase in precipitation. Another exception is the Rhine region where only a moderate decrease in summerly precipitation is projected by WETTREG, inducing almost no change in total runoff in the summer months. While in Northeast Germany and in the upper and lower Rhine regions the existing pluvial runoff generation regime is amplified, the runoff regime in the preAlps changes substantially: Due to the likewise important contribution of rainfall and snow melt in present time, the runoff generation regime for present time shows relatively homogenous values for all months, slightly higher in winter months compared to summer months. In future, this runoff generation regime may change significantly. Both future scenarios show the effect, that the pluvial contribution to runoff generation will be intensified while the impact of snow during winter time (snow fall, snow storage, snow melt) will be weakened due to increasing temperatures. In all investigated regions, obviously scenario A1B induces stronger changes in the runoff regime than scenario B1 does.
Compared to the seasonal variations of the total runoff, the seasonal behaviour of groundwater recharge shows the same pattern (Fig. 2) . This is due to the fact that in all regions considered in this study, groundwater recharge plays a dominant role in the runoff generation process. All regions are characterised by relatively flat areas which are dominated by deep soils developed on unconsolidated sediments. Therefore, the seasonal patterns of groundwater recharge govern the seasonal dynamics of the total runoff. 
Changes in regional evapotranspiration and soil moisture regimes
Climate change induced changes in actual evapotranspiration (AET) are driven by changes in temperature (governing potential evapotranspiration) and changes in precipitation (governing changes in the soil moisture regime). Therefore, changes in the seasonal pattern of actual evapotranspiration are regionally variable. Due to increased temperature and precipitation, all regions are characterised by an increased actual evapotranspiration during winter and early spring. Water can evaporate by the increased potential rate. Therefore all regions, except East Germany, show an increase in soil moisture during winter time as well. Due to the decrease in precipitation in summer, the soil moisture deficit in summer increases in all regions for both scenarios, A1B and B1. This enforced soil moisture deficit in summer overcompensates the increase in potential evapotranspiration caused by the increase in temperature, resulting in a decrease in actual evapotranspiration. However, the intensity of the change in actual evapotranspiration and the soil moisture deficit during summer differs remarkably between the WETTREG regions (Fig. 3) . While in the lower and upper Rhine region the summerly decrease in evapotranspiration is small due to an only slightly intensified soil moisture deficit, the decrease in AET is larger in Northwest Germany and the pre-Alps (decrease around 10 mm/month for scenario A1B, 5mm/month for scenario B1) and equals a decrease of about 25 mm/month in East Germany for scenario A1B (about 15 mm/month for scenario B1). These decreases in AET are accompanied with a strengthened soil moisture deficit by more than 3% by volume in the root zone for scenario A1B, and more than 2% by volume for scenario B1 (Northwest Germany, East Germany, pre-Alps), while in the Rhine region the decrease in soil moisture is smaller than 1% by volume for both climate scenarios. Comparable to the runoff generation processes, scenario A1B shows for all regions in Germany intensified changes in the seasonal variability of soil moisture. With respect to actual evapotranspiration, different regions behave different depending on the precipitation amounts in summer. While in the (moist) Rhine region the maximum evapotranspiration rates increase (in the month of May; Fig. 3) , maximum values of AET in the remaining regions decrease, and partly the timing of the maximum changes as well towards an earlier occurrence of the maximum (e.g., in Northwest and East Germany from June to May for both climate scenarios).
Effects of groundwater depth, soils and land use on the patterns of change
A comparative analysis of the effects of land use and soil properties distribution showed that the impact of land use on the change in the seasonal behaviour of the hydrological regime is small. While the effects of different land uses (e.g., forest versus grassland) and soil textures (e.g., sand versus loam) on a change in the mean annual water balances were significant (Bormann, 2008) , only slight impacts on a change in the seasonal pattern with respect to total runoff and groundwater recharge were computed. In comparison, an interaction of the soil profile with groundwater (= shallow groundwater table) had a much larger effect. Figure 4 shows that the general pattern of the seasonal dynamics (moist versus dry periods) is maintained for Northwest Germany, while the amplitude and therefore the seasonal variability of the water flows is considerably increased for groundwater recharge and evapotranspiration and total runoff (not shown).
Only the seasonal distribution of the change in soil moisture shows smaller values for shallow groundwater tables which could be expected due to capillary rise of groundwater into the soil profile during dry periods. The results presented for Northwest Germany show the same systematics compared to the simulation results of all other regions. Groundwater influence amplifies the seasonal dynamics of the simulated water flows such as total runoff, groundwater recharge and evapotranspiration while it has a compensational impact on the seasonal variability of state variables such as soil moisture. The ranking of the scenarios with respect to the intensity of their impact on hydrological fluxes and state variables remains unchanged: A1B scenario affects the hydrological system more intensively than scenario B1 does.
Discussion
The analysis of the impact of climate change on the hydrological regime of different regions within Germany reveals that the projected hydrological changes are strongly dependent on the projected regional climate change. Furthermore, the magnitude of projected climatic and hydrological change strongly depends on the compartments of the model chain used to simulate the climate change itself as well as the climate change impacts, because different global and regional climate models might result in different climate projections for the same scenario. Consequently, the suitability of the models (ECHAM5, WETTREG, SIMULAT) for the purpose of the study needs to be discussed. At first the question arises on the robustness of the regional climate change signals between different global climate models. The IPCC initiative showed that the signal of temperature increase is projected very similar by the different models for central Europe (IPCC, 2007) . Hence, the uncertainty attributed to the projection of temperature can be assumed to be small. With respect to precipitation, most of the global climate models agree at least on the direction of seasonal change in precipitation (IPCC, 2007) . While all models, contributing to the regional climate projections, project an increase in winterly precipitation, most of the models project a summerly decrease in precipitation, as assumed in this study by applying the WETTREG scenarios. Admittedly the amount of change, projected by the different models varies remarkably, while the precipitation projections for Germany at least differ less than they do for other parts of Europe. However, as shown by Bormann (2008) the impact of regional climate change on change in regional water balances is more important compared to differences in the catchment properties (e.g., land use, soil texture). Therefore this study is at least a good example to highlight the impact of different intensities of climate change, in this study represented by the different regions within Germany.
A second question is the degree of representativeness of the regional climate projections. Is the WETTREG model suitable to project regionally specific changes in seasonal variability of climate? Due to the fact that, in this study, the focus was to analyse the hydrological effects of different climatic changes in different regions, a validation of the WETTREG model for all regions was not realistic as part of the study. Nevertheless, UBA (2007) analysed the uncertainty of the WETTREG model over entire Germany and stated that differences between observations and model results are mostly below 0.5 • C for temperature. With respect to seasonal precipitation, all deviations in summer and winter precipitation between model and observation were smaller than 10%. Average deviations were 0.0% for annual values and between 0 and 1.5% for seasonal precipitation. Based on these values it can be stated that the uncertainty in climate model results in the control run was significantly smaller than the climate change rates resulting from the scenarios (change in temperature of +1.5 to +2.5 • C; change in summer precipitation of −5 to −50%; change in winter precipitation of +10 to +50%). In addition, as mentioned above Bronstert et al. (2006) showed for Southern Germany that WETTREG was able to represent regionally different mean conditions as well as their seasonal variability. Therefore it can be assumed that WETTREG is suitable to project scenario specific changes in seasonal climate variability, required by this study to quantify possible change in future seasonal hydrological behaviour.
Finally, the question needs to be answered whether the physically based SVAT model SIMULAT is a suitable model for the purpose of this study. Is the sensitivity of SIMULAT to climate change realistic? Jiang et al. (2007) showed that the model specific sensitivity to climate change of 6 models applied to Chinese catchments differed significantly between different catchment models. They argued that different model structures of conceptual models can raise different model sensitivities to changes in climate although all different model structures could be well calibrated to present climate. The SIMULAT model applied in this study is a physically based model which does not need any calibration except for the parameters representing the baseflow recession module which was not used in this study. Without calibration, SIMULAT could be successfully validated in several studies for different climates (tropical and temperate), regions and spatial scales. Therefore it can be expected that the model shows a realistic and plausible sensitivity to climate change and is suitable in terms of the purpose of the study.
Summarising, the assumptions made for this study enabled to compose a scenario inventory which consists of regionally specific change rates. However, it has been demonstrated that climate change is the dominant influence on the change in seasonal hydrological behaviour of regions. Thus, assuming a reliable sensitivity of the hydrological model to climate change, the results of this study (= sensitivity to climate change) can be transferred to other regions whilst the assumed range of change in climate is representative for a specific region. The results therefore represent an inventory of typical hydrological climate change effects depending on the rates of change.
Conclusions
In this study two climate scenarios, which are provided by the statistical regional climate model WETTREG, are transformed into hydrological regimes using the physically based SVAT model SIMULAT. The simulation results suggest that future climate change will have a considerable impact on regional runoff regimes and hydrological regimes as well. The seasonality of most of the investigated regional hydrological regimes will amplify. Based on this scenario analysis it can be assumed that the seasonal variability of most hydrological processes, such as runoff generation, groundwater recharge and evapotranspiration, as well as state variables, such as soil moisture, will increase.
However, the results of this study are limited by the fact that only one regional climate model, based on the simulations of one global climate model, was used to drive one hydrological model to project the hydrological implications of climate change in different regions. To ensure the projected changes, additional (validated) climate and hydrological models should be applied in order to check model sensitivity to climate change.
Nevertheless, the major trends projected by the model chain used in this study go in the same direction for both scenarios and all investigated regions despite the regionally variable climate change projections. Therefore the direction of changes does not seem to be questionable any more. Only the intensity of change still needs to be determined with increased certainty. Hence, it seems to be obvious that an adaptation to future climate change (and therefore hydrological change) is required for water related issues such as water management as well as for ecological purposes. The magnitude of change will determine the suitability of adaptation measures. Therefore, future research should focus on both aspects: to reduce the uncertainty of climate projections and their implications on regional hydrological cycle, and to develop and reassess adaptation measures to altered hydrological conditions. The latter aspect is the central focus of the new EU-Interreg IVb project "Climate Proof Areas" exploring future water management scenarios for the North Sea region, focusing on the Wesermarsch in Northwest Germany.
